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ABSTRACT
2+The e l e c t r o n  sp in  re so n an ce  o f  lin i n  a  s in g le  c r y s t a l  
o f  c o r d i e r i t e  has been  in v e s t ig a t e d  u s in g  X- band fre q u e n c y  
a t  room te m p e ra tu re  ( 300°K) and a t  l i q u i d  n i t r o g e n  te m p e ra tu re  
(77°K ). The spectrum  was i n t e r p r e t e d  a s  t h a t  o f  Mn^ '*' 
io n s  which s u b s t i t u t i o n a l l y  r e p la c e  Mg,. The s p e c t r a  showed 
th e  u su a l h y p e r f in e  s t r u c t u r e .  The spectrum  can  be d e s c r ib e d  
by a  s p in  H am ilto n ian  o f  o rth o rh o m b ic  symmetry whose c o n s ta n ts  
w ere found  to  have th e  fo llo w in g  v a lu e s :  bg = 4 2 2 ,1  (432,1  ) ,
= 2 6 .5 ( l8 .4 ) ,b 2  =  ( - 4 .8 ) ,  b% = -1 2 .9  ( 3 .2 ) ,  b^  = -2 3 .3
( - 1 4 .5 ) ,  A =  -8 9 ,9  ( - 8 9 .2 ) ,  B =: -8 8 .6  ( - 9 3 .5 ) ,  C =  -8 9 .4  ( - 9 2 ,0 ) ,  
g = 1.9981 (2 .0 0 1 9 ) ,  g = 1.9971 (1 .9 9 7 7 ) ,  g: =  1 .9969  (1 .9 9 6 2 ) .X y  z-
The v a lu e s  i n  b r a c k e ts  co rre sp o n d  to  l i q u i d  n i t r o g e n  tem per­
a tu r e  r e s u l t s .  The c r y s t a l l i n e  f i e l d  p a ra m e te rs  and th e  
h y p e r f in e  c o n s ta n ts  a re  e x p re sse d  in  g a u ss .
11
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CHAPTER I  
INTRODUCTION
A. H i s to r i c a l  I n t r o d u c t io n  and B a s is  f o r  ESR
E le c tro n  s p in  re so n a n c e  (ESR) i s  one o f  s e v e ra l  m agnetic  
re so n an ce  phenomena w hich have Become u s e f u l  as a means o f  
p h y s ic a l  in v e s t i g a t io n .  ESR i s  o b se rv a b le  from  e le c t r o n s  in  
an  u n p a ire d  and th e r e f o r e  p a ram ag n e tic  s t a t e .  E le c tro n  para-r- 
magnetisra o c c u rs  i n  th e  fo l lo w in g  m a te r ia l s :  m a te r ia ls ,  
c o n ta in in g  atom s o f  th e  t r a n s i t i o n  e lem en ts  w ith  in co m p le te  
in n e r  s h e l l s ,  a s  in  th e  case  o f  th e  i r o n  o r  r a r e  e a r th  g ro u p s; 
co n d u c tio n  e l e c t r o n s  i n  m e ta ls ;  f e r r o - a n d  f e r r im a g n e t i c s ; 
im p e r fe c t io n s  i n  i n s u l a t o r s  w hich may t r a p  e l e c t r o n s  o r  h o le s  
as  i n  th e  case  o f  th e  E -c e n te r  ( e l e c t r o n  tra p p e d  a t  th e  s i t e  
o f  a m iss in g  h a lo g en  io n  in  an a l k a l i  h a l id e ) , ,  o r  donor and 
a c c e p to r  s i t e s  o f  sem ico n d u c to rs .
T h is  re so n an ce  a b s o rp tio n  by th e  u n p a ire d  e l e c t r o n  
was d is c o v e re d  by Z avoyskiy  i n  1945» N o tab le  among th e  e a r ly  
w orkers i n  th e  f i e l d  was S o r te r  who used  a  c a lo r im e tr ic  
method to  m easure th e  en ergy  change. A com prehensive 
b ib l io g ra p h y  to  th e  h i s t o r i c a l  developm ent o f  th e  phenomenon 
i s  g iv en  i n  A l ' t s h u l e r  ( 1 9 6 4 ) .
1
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2A f te r  th e  ex p e rim en ts  c a r r i e d  o u t by Z avoysk iy , th e  
newly found  f i e l d  has fo u n d  g r e a t  a p p l ic a t io n s  in  d i f f e r e n t  f i e l d s  
o f  s c ie n c e  -  n o ta b ly  in  th e  f i e l d s  o f  s o l i d  s t a t e  p h y s ic s ,  where 
i t  has b een  u sed  f o r  exam ple in  th e  s tu d y  o f  c r y s t a l l i n e  f i e l d s  
around  t r a c e  im p u r i t i e s  i n  th e  h o s t  c r y s t a l s ;  i n  e n g e n e e rin g , 
where f o r  exam ple i t  can  p ro v id e  in fo rm a tio n  on th e  im p u r ity  
c o n c e n tr a t io n  in  se m i-c o n d u c to rs ; in  c h e m is try  and b io lo g y  f o r  
chem ica l and b io l o g ic a l  s tu d ie s  (W aters e t  a l . , 1 968) .
I t  : is ; how ever, im p o r ta n t to  n o te  t h a t  th e  p o s s e s s io n  
o f  a  f r e e  e l e c t r o n  i s  n o t s u f f i c i e n t  to  e n su re  re so n a n c e . T h is  can 
be seen  by c o n s id e r in g  th e  sodium atom . I t  has  zero  o r b i t a l  mag­
n e t i c  moment and a n g u la r  momentum, b u t  has  however a sp in  o f  ^  
and c o rre sp o n d in g  s p in  m agnetic  moment. The m ag n e tic  moment can 
be  s tu d ie d  by  th e  method o f  a tom ic  beam s. In  sodium m e ta l,  th e  
v a len ce  e l e c t r o n s  form  a  co n d u c tio n  band w ith  s u b s t a n t i a l  p a i r i n g  
o f  s p in s .  T here i s  how ever, a weak e l e c t r o n i c  sp in  m a g n e tiz a tio n  
whose s p in  re so n an ce  can  be  s tu d ie d .  I n  sodium c h lo r in e ,  how ever, 
th e  sodium g iv e s  up i t s  o u te rm o s t e l e c t r o n  to  com plete th e  
u n f i l l e d  p - s h e l l  o f  th e  c h lo r id e s ,  r e s u l t i n g  in  a  ze ro  sp in  
m a g n e tiz a tio n  and no e l e c t r o n  s p in  re so n a n c e . C o v a le n tly  bonded 
compounds can  how ever, show s p in  re so n a n c e .
In  any p h y s ic a l  i n v e s t i g a t io n  one in v a r i a b ly  a p p l ie s  a  
c o n t r o l la b l e  p e r tu rb in g  s o u rc e .  The b e h a v io u r  o f  th e  system  under 
such  a p e r tu r b a t io n  f u r n is h e s  some in s i g h t  in to  th e  n a tu re  o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3
th e  system ,. To g a in  an i n s i g h t  in t o  th e  m agnitude o f  th e  r e q u ir e d  
f i e l d  we r e c a l l  t h a t  i n  th e  hydrogen atom th e  f i e l d  e x p e r ie n c e d  by 
an  e l e c t r o n  due to  th e  p re se n c e  o f  th e  n u c le u s  i s  o f  th e  o rd e r  o f
5
10 g a u s s .  We m ust th e r e f o r e  have a  f i e l d  o f  t h i s  m agnitude in  
o rd e r  to  g a in  any in fo rm a tio n  from  th e  e l e c t r o n i c  sy stem . I t  i s  to
5
be r e c a l l e d  t h a t  i t  i s  t h i s  10 g au ss  f i e l d  w hich p h y s ic a l ly  
p ro v id e s  a  m ean in g fu l a x is  ab o u t which th e  e l e c t r o n  s p in  moment 
ta k e s  i t s  q u a n tiz e d  v a lu e s : .T h e  d i f f i c u l t y  e x p e rie n c e d  by  G o rte r  
was th e  f a c t  t h a t  o n ly  low  en e rg y  y ie ld s  a r e  in v o lv e d . F o r  th e  
X -b an d , f o r  exam ple, a t  th e  f re q u e n c y  o f  9254 MHz th e  en ergy  
in v o lv e d  i s :
jClE = hP =: 67 X 10~  ^^ergs
w h ile  kT f o r  one d eg ree  i s  1 .3 8  x  10 ”* ^ e rg s .
T h is  sm a ll en erg y  can  e a s i l y  be swamped by n o is e .  I t  i s  
to  im prove th e  s ig n a l  to  n o is e  r a t i o  t h a t  th e  p r e s e n t  day s p e c tr o ­
m ete r was in t ro d u c e d .  I t  n o t  o n ly  a f f o r d s  a  h ig h  s ig n a l  to  n o is e  
r a t i o ,  b u t  a ls o  a f f o r d s  a  h ig h  a m p l i f ic a t io n .
B . P r in c ip le s  o f  ESR
When an i s o l a t e d  p a ram ag n e tic  io n  f in d s  i t s e l f  i n  an 
e x t e r n a l ly  a p p l ie d  m agnetic  f i e l d  H, i t s  a n g u la r  momentum v e c to r  
p ro c e sse s , a b o u t H w ith  an a n g u la r  v e lo c i ty  a) g iv en  by
h) =  g (e k  /2 m c)iï =  gH(9 ( l  )
w here c i s  th e  v e l o c i ty  o f  l i g h t ,  m th e  e l e c t r o n i c  mass and g
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4th e  s p e c tro s c o p ic  s p l i t t i n g  f a c t o r .
When a v a ry in g  f i e l d  i s  a p p l ie d  th e  above s i t u a t i o n  i s  
s l i g h t l y  m o d if ie d . I f  th e  f i e l d  i s  i n  such  a  sense  and fre q u e n c y  
t h a t  i t  i s  i n  synchron ism  w ith  th e  i o n 's  a n g u la r  momentum v e c to r ,  
a  c o n s ta n t  co u p le  th e n -  a c t s  on th e  m a g n e tiz a tio n  v e c to r  c a u s in g  
i t  to  tu r n  o v e r  th e re b y  r e v e r s in g  i t s  p r o je c t io n  on H.
In  p r a c t i c e ,  a l i n e a r l y  p o la r iz e d  o s c i l l a t i n g  f i e l d  i s  
u se d . However, t h i s  i s  e q u iv a le n t  to  two r o t a t i n g  f i e l d s  as  fo l lo w s : 
any l i n e a r l y  p o la r iz e d  o s c i l l a t i n g  f i e l d
Hjj — Hq cos w t
can  be r e s o lv e d  in t o  two c i r c u l a r l y  p o la r iz e d  f i e l d s  a s  f o l lo w s :
= & Ho cosw  t  
Hy = -| Hq s in k )  t  
and
= ■§• Hq cos to t  
Hy = H ^sin lO t 
These two c i r c u l a r l y  o p p o s i te ly  d i r e c te d  p o la r iz e d  v ib r a ­
t i o n s  combine to  g iv e  a  l i n e a r  m otion  a lo n g  th e  d ia m e te r  jo in in g  
th e  p o in t s  where th e  r o t a t i n g  r a d iu s  v e c to r s  c r o s s .  The c o u n te r -  
r o t a t i n g  component o f  th e  m agnetic  f i e l d  h as  no e f f e c t  on th e  
average  and can be n e g le c te d .
When th e  r e v e r s a l  o f  th e  p r o je c t io n  ta k e s  p la c e  v:e say  t h a t  
th e  io n  has  ab so rb ed  en erg y  from  th e  r a d i a t i o n  f i e l d .  T h is  r e v e r s a l  
i s  n o t co n tin u o u s  b u t  q u a n tiz e d  a c c o rd in g  to  quantum m echan ics.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5The energy  o f  a  s p in  i n  a m agnetic  f i e l d  i s  g iv e n  by  Mg^H where M 
i s  th e  p r o je c t io n  o f  th e  a n g u la r  momentum L on th e  q u a n t iz a t io n  a x is
and can ta k e  th e  v a lu e s  ( -L , -L  4- 1 ,  .................. ,L  - 1 ,  L ) .  T r a n s i t io n s
betw een a d ja c e n t  l e v e l s  a re  in d u c ed  by th e  r o t a t i n g  f i e l d .  Such 
t r a n s i t i o n s  a re  governed  by  th e  s e l e c t io n  ru le /ÏM  = 1 . The re so n an ce
c o n d i t io n  i s  th u s
h '9  = g H|S ( 2 )
In  a  system  o f  many io n s  we know t h a t ,  p ro v id e d  th a t  th e re  
e x i s t s  th e rm a l e q u lib r iu m  w ith  th e  s u r ro u n d in g s , th e  s t a t e  o f  low er 
en ergy  i s  more p o p u lo u s . S ince  how ever, th e r e  i s  an e q u a l p r o b a b i l i t y  
betw een up and down t r a n s i t i o n s ,  th e  n e t  r e s u l t  o f  a p p l ic a t io n  o f  th e  
re so n an ce  r a d i a t i o n  i s  a g a in  o f  energy  from  th e  r a d i a t i o n  f i e l d  and 
a  s h i f t  tow ards e q u a l p o p u la tio n  o f  l e v e l s .  I t  i s  t h i s  re so n an ce  
a b s o rp tio n  t h a t  i n t e r e s t s  u s . I t  can be d e te c te d  by th e  l o s s  o f  energy  
from  th e  r a d i a t i o n  f i e l d .  T h is  l o s s  i s  m easured by o b se rv in g  th e  
damping o f  th e  tu n e d  c i r c u i t  i n  w hich th e  p a ram ag n e tic  io n  i s  p la c e d . 
As: d e s c r ib e d  i n  th e  n e x t s e c t io n ,  th e  energy  l e v e l s  o f  an 
io n  in  a  system  o f  i n t e r a c t i n g  io n s  w i l l  be  m o d ified  by th e  i n t e r ­
a c t io n s ,  so t h a t  e q u tio n  (2 )  i s  no lo n g e r  v a l id .
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CHAPTER II
THEORY
A. G enera l H am ilto n ian .
The g e n e ra l  H am ilto n ian  c o n ta in s  te rm s d e s c r ib in g  th e  
v a r io u s  e f f e c t s  e x p e r ie n c e d  by an io n  s i t u a t e d  in  a  c r y s t a l .  These 
e f f e c t s  a r e :
1 . E l e c t r o s t a t i c  f i e l d  o f  th e  c r y s t a l  a t  th e  s i t e  o f  th e  
io n  (V ^ ),
Coulomb i n t e r a c t i o n  o f  th e  e l e c t r o n s  w ith  th e  n u c le u s  and 
Yfith th e  n e ig h b o u rin g  e le c t r o n s  ( v ^ j .
3 .  S p in  o r b i t  c o u p lin g  (V^g)»
4 . S p in  s p in  co u p lin g  betw een  e le c t r o n s  ( V ^ ^ .
5 , H y p erfin e  i n t e r a c t i o n  w ith  th e  n u c le u s  (V ^).
6 ,  I n t e r a c t i o n  w ith  th e  n u c le a r  q uad rupo le  moment (V^)
7» I n t e r a c t i o n  o f  th e  e l e c t r o n s  w ith  th e  e x te r n a l  m agnetic  
f i e l d  (V gg).
8 .  Interaction of the nucleus with th e  external m agnetic  f i e l d  ( ) .  
The com bined e f f e c t  r e s u l t s  i n  th e  fo rm u la
+- Vç + + ^ s s  +- \  ^  ^HE ^NH
The o n ly  te rm s w hich need  be ta k e n  in to ; acc o u n t i n  t h i s  s p e c i f i c
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7case  a r e :  th e  e l e c t r o s t a t i c  f i e l d  o f  th e  c r y s t a l  a t  th e  io n  s i t e ,  
th e  h y p e r f in e  i n t e r a c t i o n  w ith  th e  n u c le u s  and th e  i n t e r a c t i o n  o f  
th e  e l e c t r o n s  w ith  th e  e x te r n a l  m agnetic  f i e l d .  Hence th e  e f f e c t iv e  
H am ilto n ian  i&
B. The Sp in  H am ilto n ian  o f  Mn io n
The g e n e ra l form; o f  th e  H am ilto n ian  i s  v ery  c o m p lica ted .
T h is  co m p lex ity  was red u ce d  by th e  in t r o d u c t io n  o f  th e  s p in  
H am ilto n ian  by  P ryce (1950) and Abragam and P ryce (1951 )r  T h e ir  
p ro ced u re  h as  b een  o u t l in e d  by Low ( 1 9 6 0 ) ,  The b a s ic  id e a  o f  th e  
s p in  H am ilto n ian  i s  t h a t  th e  i n t e r a c t i o n s  a re  e x p re sse d  i n  te rm s 
o f  sp in  o p e r a to r s  and e m p ir ic a l  c o n s ta n ts .
The th r e e  term s i n  th e  e f f e c t iv e  H am ilto n ian  ta k e  th e  
fo llo w in g  fo rm s:
1 . The Zeeman Term.
The Zeeman term  can be e x p re s se d  as
= (H * g^ . S)/0 (5 )
where g r e p r e s e n t s  th e  g t e n s o r .  I t s  com ponents do n o t c o rre sp o n d  
to  th e  Lande g , s in c e  th e  fo rm er a re  e x p e r im e n ta lly  d e f in e d  q u a n t i t i e s .  
I t  i s  always p o s s ib le  to  f i n d  th e  p r in c i p a l  axes a long  w hich th e  
g - t e n s o r  i s  d ia g o n a l.  F o r such  axes we have
' ' he " ® y V y
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2 .  The C r y s ta l l in e  F ie ld .
The c r y s t a l l i n e  f i e l d  i s  r e p r e s e n t !  by
V  A ;  Y S ( e ,  ( 7 )
^ m n
The ran g e  o f  th e  summation in d e x  n can be  c o n s id e ra b ly  red u ce d . 
F o r th e  d - e l e c t r o n s  a l l  te rm s f o r  w hich n  i s  g r e a t e r  th a n  4  
have zero  m a tr ix  e le m e n ts . These te rm s can  be  n e g le c te d . This; i s  
b ecau se  i n  e v a lu a t in g  th e  e lem en ts  JjZf d ? , where 0  and 
a re  th e  d - e l e c t r o n  wave f u n c t io n s ,  we o b ta in  th e  d e n s i ty  
0 Ijf w hich, when expanded i n  s p h e r ic a l  h a rm o n ics , does n o t 
c o n ta in  term s, f o r  w hich n ) 4 .  I f  U i s  a s p h e r ic a l  harm onic 
w ith  n g r e a t e r  th a n  4 ,  th e  i n t e g r a l  v a n is h e s  by th e  o rth o g o ­
n a l i t y  r e l a t i o n s  o f  s p h e r ic a l  h a rm o n ic s . A ll  term s f o r  which n
i s  odd v a n ish  b eca u se  .0 ^  i s  unchanged by th e  s u b s t i t u t i o n  
X ,  y ,  z — >- - X ,  - y ,  - z  w h ile  U r e v e r s e s  s ig n . I f  one th e n , 
n e g le c ts  th e  case  f o r  w hich n  =  0 , th e  ex p an s io n  o f  w ith
r e s p e c t  to  n i s  n = 2 , and n = 4* F o r a g iv en  n , v a lu e s  o f
m a re  r e s t r i c t e d  by th e  symmetry p r o p e r t i e s ,  o f  th e  c r y s t a l l i n e  
f i e l d .  F o r th e  p r e s e n t  case  o f  rhom bic sym m etry, o n ly  even m 
v a lu e s  need  be c o n s id e re d . A lso , m ^  n.
Hence
A  '  4  4  * 4  4  * 4  4  " - ' ' 4
iThe A. a re  th e  c o e f f i c i e n t s  c h a r a c t e r i s t i c  o f  th e  p a r t i c u l a r  
J
c r y s t a l  f i e l d .  A° and A° r e p r e s e n t  th e  a x i a l  p a r t ,  A^ and A^
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th e  rhom bic p a r t ,  and th e  te t r a g o n a l  p a r t  o f  th e  io n  s i t e
sym m etry. In  th e  s p in  H am ilto n ian  th e  above e q u a tio n  i s  e x p re sse d  
in  th e  form  o f  a n g u la r  momentum o p e ra to r s  0^ ( see Orbaoh 19 6 1 ,
f o r  exam ple). The r e s u l t i n g  f i e l d  i s
=: l/3(b% 0° bg 0%) + l/6 0 (b 2  + 0%;) (9)
where b^ a re  c a l l e d  th e  c r y s t a l l i n e  f i e l d  p a ra m e te rs , and a re
c o n s ta n t  m u l t ip le s  o f  a4.
3 ,  The H y p e rfin e  I n t e r a c t i o n .
The h y p e r f in e - s t r u c tu r e  term  a r i s e s  p a r t l y  from  th e  Ferm i 
c o n ta c t  term
and p a r t l y  from  th e  o rd in a ry  d ip o le - d ip o le  c o u p lin g
“ - S -3 (1  . r ) ( S  ,  r ) ]  (lO a)
where i s  th e  n u c le a r  g -v a lu e ,  i s  th e  n u c le a r  m agneton,
g^ th e  f r e e  e l e c t r o n  g , r ^  and r^j th e  e l e c t r o n  and n u c le a r
d i s t a n c e s ,  B leaney  (1 96?) d is c u s s e d  in  f u l l  th e  c h a r a c te r  o f  th e
p a ra m e te r  { r  .
I t  would ap p ea r t h a t  th e  in t r o d u c t io n  o f  th e  c o n ta c t  term
5
i s  u n n e c e ssa ry  f o r  th e  d iv a le n t  manganese io n .  Here th e  3d c o n f i ­
g u ra t io n  le a d in g  to  th e  s p e c tro s c o p ic  s t a t e  i s  a  s u p e rp o s i t io n  
o f  d o r b i t a l s  which v a n ish  a t  th e  n u c le u s .  The d e l t a  f u n c t io n
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th e r e f o r e  i a  e x p e c te d  to  p ic k  o u t a  v a n is h in g ly  sm a ll c o e f f i c i e n t  
f o r  I ,  S. However i t  i s  d is c o v e re d  e x p e r im e n ta lly  t h a t  manganese 
io n  shows an e s s e n t i a l l y  i s o t r o p i c  h y p e r f in e  c o u p lin g . T h is  i s  now 
i n t e r p r e t e d  as due to  a  c o n f ig u r a t io n  i n t e r a c t i o n  w hich adm ixes to  
3s^3d^ some 3s3d^ifS ,
E q u a tio n s  ( tO ) and ( iO a) can be com bined to  g iv e  an 
e x p re s s io n  o f  th e  form  S , A, I ,  where A i s  a  sym m etric te n s o r  o f  
th e  second ra n k .  I n  th e  p r in c i p a l  axes, system  t h i s  o p e r a to r  due to  
th e  h y p e r f in e  i n t e r a c t i o n  th e n ;  ta k e s  th e  form
* W y  '  A . A 4  ( " )
The s p in  H am ilto n ian  i s  now g iv e n  by
a -  ^  V y  *  A “2 *  4  4 )
* 4  " 4  4  * 4
*  W x  * V V y  ^ A - V .
4* T ra n s fo rm a tio n  o f  th e  S p in  H am ilto n ian .
The e ig e n v a lu e s  o f  th e  s p in  H am ilto n ian  a re  g e n e r a l ly  
fo u n d  by a p p ly in g  p e r tu r b a t io n  th e o ry . I n  th e  a p p l ic a t io n  o f  
p e r tu r b a t io n  th e o ry ,  th e  Zeeman energy  i s  re g a rd e d  a s  b e in g  la rg e  
i n  com parison  w ith  th e  . o th e r  te rm s . The s p e c t r a l  ax es  a re  chosen 
so a s  to  make th e  g - t e n s o r  d ia g o n a l .  I n  o rd e r  to  make th e  Zeeman 
energy  d ia g o n a l a  t r a n s fo rm a tio n  i s  c a r r i e d  o u t .  I f  th e  d i r e c t i o n
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o f  c o n s ta n t  m agnetic  f i e l d  H w ith  r e s p e c t  to  th e  c r y s t a l  f i e l d  
axes, i s  (0 ,  0);  th e n  due to  th e  a n is o tro p y  o f  th e  s p e c tro s c o p ic  
s p l i t t i n g  f a c t o r  g^ th e  Zeeman energy  w i l l  be d ia g o n a l i n  a  
c o o rd in a te  system  r o t a t e d  r e l a t i v e  to  th e  i n i t i a l  system  th ro u g h  
a n g le s  /S , di ,  These a n g le s  a re  shown in  F ig u re  1 , and th e y  
a re  r e l a t e d  by:
Cos p =: (gj| / g  ) Cos 6
S in  (3 =, (g^ i / g  ) S in  6
Coa c( = (gj^  / g  ) Cos 0
SinO t = / g  ) S in  0
g^ = Cos2 e +- S in^  e
g^ = 6^ Cos^ 0  + g j  S in^  0
The f in e  s t r u c t u r e  te rm s can  th e n  be tra n s fo rm e d  f o r  th e  
r o t a t i o n  th ro u g h  ^  , o( » The t r a n s fo rm a tio n  i s  c a r r i e d  o u t 
u s in g  th e  r e s u l t s  o f  B aker and W illiam s ( 1 9 6 1 ) .  T aking in to  acco u n t 
th e  t r a n s fo rm a tio n  o f  th e  h y p e r f in e  i n t e r a c t i o n  o p e r a to r s ,  V inokurov 
( 1.9 6 4 ),. th e  H am ilto n ian  i n  th e  new c o o rd in a te  system  ta k e s  th e  form ;
The above e q u a tio n  i s  v a l id  f o r  H p a r a l l e l  to  any 
s p e c t r a l  a x i s .  The e x p re s s io n s  f o r  a^ and P , Q, R when H i s  p a ra ­
l l e l  to  th e  s p e c t r a l  axes a re  g iv e n  in  T ab le  I .
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TABLE I
RELATIONSHIP BETWEEN CONSTANTS OF THE SPIN HAMILTONIAN WHEN 
H IS  PARALLEL TO THE SPECTRAL AXES
C o n s tan ts H z. H X H •y  .......
0 4 l / 2(b° -b^j l / 2(b° + b^)
2
^2. 4 l / 2(3b° + b^) l / 2(3b° -  b^)
0 4 1/ 8(34- 4 - 4 ’ 1 /8(34 -  4 -  4 ’
2 4 - l / 2 (5b ;  -  b= - -1 /2 (54  + b j -, bj;)
i 4 1/S (35b° + Tbl + bj;) l / 8(35b% - Tb  ^ + b'
P A B C
Q B A A
R C C B
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( S P E C T R A L
A X E S )
SPIN
Q UANTIZATIO N
AXIS
X
FIG I o r i e n t a t i o n  OF H  AND S P I N  QUANTIZATION A X IS
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CHAPTER III
: CRYSTALLOGRAPHT
A. G en era l D ata , S t ru c tu r e  and Space Group
The c o r d i e r i t e  c r y s t a l  i s  one o f  th e  o rth o rh o m b ic  c r y s t a l  
system s w ith  an a d d i t io n a l  l a t t i c e  p o in t  on th e  C - f a c e .  I t  b e lo n g s  to  
th e  space group Cccm (Dg^ ) ,  r e p r e s e n te d  i n  F ig u re  2 . The g e n e ra l 
s t r u c tu r e  has  been  d e te rm in e d  by Bystrom  (1 9 4 1 ). The d im ensions a re  
a  = :17.06A °, b = 9 . 694° ,  c = 9*374°. The volume o f  th e  u n i t  c e l l ,  which 
c o n ta in s  th e  fo rm u la  (4 1 ,F e )^  (Mg, F e , Mn)g (S i^  41 ) O^g . O-iHgO 
fo u r  tim es  i s  15494° w ith  a m easured d e n s i ty  o f  2 .6 0  gm/cm^.
C o r d ie r i te  has a  p seu d o -h ex ag o n a l s t r u c t u r e  a** b / J  and i s  a lm ost 
i d e n t i c a l  w ith  b e r y l .  Of th e  24 t e t r a h e d r a l  s i t e s  i n  th e  s ix f o ld  
r in g s  o f  each  u n i t  c e l l ,  o n ly  fo u r  a re  o cc u p ie d  by A1 and th e  
rem a in d e r by S i (Bragg 19&5)» The fo u r  a re  made up o f  th r e e  s e ts  
o f  e ig h t  e q u iv a le n t  p o s i t i o n s .  To- acc o rd  w ith  symmetry th e  f o u r  41 
atoms w ould have to  be random ly d i s t r i b u t e d  o v er a l l  th e  24 s i t e s .
The in c o o p e ra tio n  o f  w a te r  i n  th e  c o r d i e r i t e  s t r u c t u r e  has been  
e s ta b l i s h e d  b u t  th e r e  i s  some u n c e r ta in ty ,  as to  i t s  l o c a t i o n .  I t  
has  b e e n  t e n t a t i v e l y  su g g e s te d  (Sm ith  1962) t h a t  th e  w a te r  m olecules 
may be a t ta c h e d  to  th e  w a lls  o f  th e  la r g e  c a v i t i e s  i n  th e  ch an n e ls  
e n c lo se d  by th e  s ix f o ld  r i n g s ,  o r  o ccu r p a r t l y  as hyd roxy l
14
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FIG- 2 SYM METRY OF C ccm
The symbol on th e  r i g h t  hand c o m e r  d en o tes  a  r e f l e c t i o n  p la n e  p a r a l l e l  to  th e
p la n e  o f  th e  p a p e r a t  l e v e l  a  = l / 4 ;  i s  th e  f l i d e  p la n e  seen  edge on a lo n g
th e  t r a n s l a t i o n  com ponent;  i s  th e  d ia g o n a l g l id e  p la n e  seen  edge on;
 y  h o r iz o n ta l  2 - f o ld  screww a x e s ;  i s  th e  h o r iz o n ta l  2 - f o ld  ax es ; and
^  2 - fo ld  r o t a t i o n  a x is  norm al to  th e  r e f l e c t i o n  p la n e .
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groups i n  th e  s i l i c a t e  fram e w ork. F ig u re  3 shows th e  c r y s t a l  
s t r u c t u r e .
B. Atomic P o s i t io n s
The n o ta t io n  4 ( b ) ,  8 (g )  e t c .  r e f e r s  to  e q u ip o in ts .
An e q u ip o in t  i s  a  c o l l e c t i o n  o f  p o in ts  r e l a t e d  to  one p o in t  by th e  
symmetry o p e ra t io n s  o f  th e  space  g ro u p . The number o f  p o in t s  p e r  
u n i t  c e l l  i n  an e q u ip o in t  i s  c a l l e d  i t s  ra n k . The num eral r e p r e s ­
e n t s  th e  ra n k  o f  th e  e q u ip o in t  w h ile  th e  l e t t e r s  d i s t i n g u is h  
s e v e ra l  e q u ip o in ts  o f  th e  space group and i n  g e n e ra l in d i c a te  th e  
number o f  d e g re e s  o f  freedom , i . e  th e  number o f  v a r ia b le  c o o rd in a te s .
W ith th e  o r ig i n  a t  c e n t r e  (2/m  o r  com) th e  c o o rd in a te s  o f  
th e  e q u ip o in ts  a re  :
( 0 ,0 ,0 ;  i , i , 0 )  +
ra n k  deg ree  o f  
freedom
l6 (m ) x ,y ,z i;  x , y , s ;  x , y , i
x ,y , i~ z ;  x,y,-z; x ,y ,z ;
x , y , i  + z; x ,y ,^  . . . . . .
8(1 ) x ,y ,0 ;  x ,y ,0 ;  x,y,^;
x , y , i  . . . . . . . . . . . . . . .
8 (k )  i i  , i  t  '  4  '  2
16
4- Z
i  ,  A , 1  -  z  .......................  8
4  4  2
8 (g )  X , 0 ,1  ; X , 0 , 1 ;  X ,  0 , 1
4  4  4
X , 0, 1 ........................  8
4
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C O R D IE R IT E
b = 9.69 A
o o
0 50 
Silicon 2 o
Aluminum 25
Magnesium
a = 17.06 A
Fig 3  C ry s to l  s tructu r»  p r o j e c t e d  un to  (001) plone
The f ig u r e s  in d i c a te  th e  h e ig h t  o f  th e  atom s in  p e rc e n t  o f  c . The 
alum inum  and magnesium atoms a re  shown jo in e d  to  t h e i r  n e a r e s t  
oxygen n e ig h b o rs -
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4 (b ) O . i . j L j  0,2 4  2 4
. . . . . . 4
where x . y ,  z a r e  i n  th e  u n its , o f  a , b , c r e s p e c t iv e ly .
The atom ic p o s i t i o n s  a re
4 A lj i n  4 ( b )  r ± (0 , , ^- )
8 ^ 1 1
i n  8 (k )  : t  ( ~  > — » z? i
' 4 ' i )
8 % i n  8 (g )  : -  ( x  ,0  , i  ; x
4
, 0 , 1 )
4
8(Si,Al) J. r 8 ( s i , A i ) ^  Î 8 ( s i ,A i ) ^ j ^  ;8 ° I  ' 8  Oj i and 8
i n  8 ( l ) : -  ( x  ,  y  ,  0 ;  x  , y  , ^  )
16  0 ^  , l6  p.  ^ ,  i;6 0 ^  i n  l6 (m ) z (x ,  y ,  z; X, y ,  5 ;
:Zy y y  1 -  Z )
w ith  th e  fo llo w in g  v a lu e s  f o r  x , y ,  z
A l j j  Mg S i j S i i i i
X 0-333 0 .190 0 .1 2 6 0 .0 6 2
y — -  0 .0 6 3 - 0 .2 5 5 0 .3 1 6
z: 0 .2 6 0 - -
\  O j i ° i n
X 0 .0 3 2  0 .1 2 6 0 .158
y - 0 . 2 8 ^  0 . 1 8 9 - 0 . 0 9 5
z
° V I
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X 0 .240  - 0 -0 6 8  -0 .1,67
y  -0 .0 9 0  0 .405  -0 .3 1 5
z 0 .350  0 .350  0 .350
The in te r a to m ic  d is ta n c e s  in  a re
A l j  ------------- 4  0^ 1 .75
A l i i  ------------  2 0 ^  1,81
Mg   2 0,^ ^ 2 .02
Mg   2 0 ^  2 .0 4
Mg   2 0^ 2 .09
s i f  --------  0%% 1-63
S i ----------------- O jj 1 .6 4
8 i i ------------------  1.G6
5*11 °III
S i j j    2 0 ^  1 .6 7
S * iii  ------------- (>1
5*111 °II
8*111   2
The s h o r t e s t  0 —  0 d is ta n c e  i s  2.50A°
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61 IZ
57.4
V
Fig. 4  M agn es ium  -  Oxygen anguicr re ia f ions
0  Mg #  above the plane of  paper
0  2  b e l o w  w « »
Mg -  O2 d is tance  2 . 0 5 / f
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C. S i te  o f  Mn^ "^
The a n g u la r  r e l a t i o n  betw een  oxygens and th e  magnesium 
atom i s  shown as  a  p r o je c t io n  on th e  so  -p la n e  i n  f ig u r e  4*
Magnesium i s  s i t u a t e d  i n  a  s t r o n g ly  d i s t o r t e d  o c tah ed ro n »  
The d i s t o r t i o n  i s  a lo n g  th e  th r e e  - f o l d  a x i s ,  which c o rre sp o n d s
w ith  th e  c - a x i s  o f  th e  c r y s t a l .  The d i s t o r t i o n  can be  v i s u a l iz e d
aa  a  co m p ressio n  a lo n g  th e  c -a x is ,  o f  th e  c r y s ta l»  T h is  d i s t o r t i o n  
s l i g h t l y  d i s r u p t s  th e  th r e e  - f o l d  sym m etry.
From th e  g e n e ra l  fo rm u la  o f  c o r d i e r i t e  one would ex p e c t
t h a t  Fe^^ o r  Mn^^ can  s u b s t i t u t i o n a l l y  r e p la c e  % ,  w h ile  Pe^^  can 
do th e  sam efor A l, I n  f a c t  th e  l a t t e r  h as  b een  s tu d ie d  b y  Hedgecock 
and C h a k ra v a r tty  (1 9 6 6 ) . B ecause a  s in g le  spectrum  was o b se rv ed  vre 
concluded  t h a t  th e r e  was o n ly  one manganese s i t e .
The s p e c t r a l  ax es  c o in c id e ,  w i th in  e x p e rim e n ta l e r r o r ,  vfith  
th e  c r y s ta l lo g r a p h ic  a x e s , w ith  th e  z - a x i s  ly in g  a lo n g  th e  c ; - a x is »  
The spectrum  shows o n ly  a sm a ll d e v ia t io n  from  a x ia l  symmetry 
a b o u t th e  c - a x i s .  These f a c t s ,  a re  c o n s i s te n t  w ith  th e  assu m p tio n  
t h a t  manganese i s  lo c a te d  a t  th e  magnesium s i t e .
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CHAPTER IV
APPARATUS
The ESR s p e c tro m e te r  u sed  to  s tu d y  reso n an ce  o f  im p u r ity  
manganese i n  c o r d i e r i t e  was o f  th e  s t r a i g h t - d e t e c t i o n  ty p e . The 
b lo c k  d iagram  o f  th e  s p e c tro m e te r  i s  g iv e n  i n  F ig u re  5.- I t  employs 
th e  V a ria n  203B/6975 r e f l e x  k ly s t r o n  w ith  a  power r a t i n g  o f  50 
m i l l iw a t t s  and a  tu n a b le  f re q u e n c y  ran g e  o f  8 .4  to  9»5 GHz.
The k ly s t r o n  microwave fre q u e n c y  was s t a b i l i z e d  to  th e  c a v i ty  
r e s o n a n t f re q u e n c y  by  th e  Pound ty p e  s t a b i l i z e r  which o p e ra te s  as: 
fo l lo w s : A 450  KHz: s ig n a l  was u sed  to  s l i g h t l y  fre q u e n c y  m odulate 
th e  k ly s t r o n .  The 450 KHz: s ig n a l  r e f l e c t e d  from  th e  c a v i ty  was 
d e te c te d  by  th e  AFC c r y s t a l  d e te c to r^  a m p lif ie d  and a p p l ie d  to  
th e  phase  s e n s i t i v e  d e t e c to r ,  where i t  was compared w ith  th e  
o r ig i n a l  m o d u la tio n  s ig n a l .  The r e s u l t a n t  do e r r o r  v o lta g e  was 
a p p l ie d  to  th e  k ly s t r o n  r e f l e c t o r .  T h is  p u l l s  th e  microwave 
f re q u e n c y  to  c o in c id e  w ith  th e  c a v i ty  re s o n a n t  fre q u e n c y .
The c a v i ty  employed in  th e  sp e c tro m e te r  was a r e c ta n g u la r  
TE102  ty p e . The c a v i ty  houses th e  specim en mounted on a ny lo n  p in  
and r o t a t e d  by a  worm and p in io n  wheel m echanism . T h is  r o t a t i n g
22
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mechanism i s  shown i n  F ig u re  6» 100 KHz m o d u la tio n  o f  th e  m agnetic  
f i e l d  was o b ta in e d  on a  s in g le  lo o p  w ith in  th e  c a v i ty .
Some o f  th e  o th e r  wave gu ide  com ponents a re  m entioned  
below  v?ith t h e i r  f u n c t io n s .  The i s o l a t o r  i s  a  tw o - te rm in a l p a i r ' 
microwave f e r r i t e  d e v ic e  w hich makes use o f  th e  F arad ay  e f f e c t  to  
p e rm it t r a n s m is s io n  o f  m icrow aves i n  one d i r e c t i o n  and p re v e n ts  
t h e i r  t r a n s m is s io n  i n  th e  o p p o s ite  d i r e c t i o n .  The m icrowaves p a s s  
th ro u g h  a m a g n e tised  f e r r i t e  m a te r ia l .  T h is  r e s u l t s  i n  th e  F araday  
r o t a t i o n  o f  th e  p la n e  o f  p o l a r i z a t i o n  o f  th e  m icrow aves. The 
F e r r a n t i  th r e e  p o r t  c i r c u l a t o r  model 211XCD was u se d . The c i r c u l a t o r  
h as  th e  p ro p e r ty  o f  t r a n s m i t t in g  power from  one te rm in a l to  th e  o th e r  
i n  seq u en ce . W ith th e  k ly s t r o n  p la c e d  in  p o r t  one, th e  re s o n a n t 
c a v i ty  i n  p o r t  two and d e te c to r  i n  p o r t  th re e ,,  th e  c i r c u l a t o r ,  which 
a ls o  c o n ta in s  f e r r i t e  m a te r i a l ,  a llo w s th e  k ly s t r o n  power to  go 
d i r e c t l y  to  th e  c a v i ty  and th e  s ig n a l  r e f l e c t e d  a t  re so n a n c e  to  go 
d i r e c t l y  to  th e  d e t e c to r .  No power i s  t r a n s f e r r e d  d i r e c t l y  from  
k ly s t r o n  to  d e te c to r . ,  The c a v i ty  arm can be m atched to  th e  Ic ly s tro n  
arm by means, o f  a s l id e - s c r e w  tu n e r . An ESR a b s o rp tio n  i n  th e  c a v i ty  
th e n  cau ses  a  m ism atch, so t h a t  power i s  r e f l e c t e d  from  th e  c a v i ty  
in to  th e  d e t e c to r  arm. I n  p r a c t i c e  th e  c a v i ty  i s  s l i g h t l y  m ism atched 
i n  o rd e r  to  a llo w  s u f f i c i e n t  power to  b ia s  th e  d e te c to r  c r y s t a l .
The e x t e r n a l  m a g n e t i c  f i e l d  w a s  p r o v i d e d  b y  a  N e w p o r t  
w a te r  co o le d  m agnet. In  th e  s tu d ie s  a t  room te m p e ra tu re , c o n ic a l  
p o le  t i p s  fa c e  d ia m e te r  were u s e d . A t l i q u i d  n it ro g e n
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te m p e ra tu re  p la n e  p o le  t i p s  os 7" f a c e  d ia m e te r  were em ployed in  
o rd e r  to  accommodate th e  g la s s  Dewar..
The m agnetic  re so n a n c e  s ig n a l  from  th e  c a v i ty  was d e te c te d  
by th e  re so n an ce  c r y s t a l  d e t e c to r  and a p p l ie d  to  th e  P .A .R . lo c k  in  
a m p l i f i e r ,  from  whose r e f e r e n c e  v o lta g e  th e  100 ItHz m o d u la tio n  was 
o b ta in e d . The o u tp u t o b ta in e d  was p r o p o r t io n a l  to  th e  d e r iv a t iv e  o f  
th e  microwave a b s o rp tio n .  T h is  m agnetic  re so n a n c e  was d is p la y e d  as 
th e  d e r iv a t iv e  o f  th e  a b s o rp t io n  a g a in s t  th e  m agnetic  f i e l d  e i t h e r  
on an o s c i l lo s c o p e  o r  on a c h a r t - r e c o r d e r .
P ro to n  m agnetic  re so n a n c e  equipm ent w a s ,u se d  to  m easure th e  
re s o n a n t f i e l d s .
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CHAPTER V
EXPERIMENTAL PROCEDURE
E x p erim en ts  were c a r r i e d  o u t a t  two te m p e ra tu re s  -  room 
te m p e ra tu re  and l i q u i d  n i t r o g e n  te m p e ra tu re . The e x p e rim e n ta l 
p ro ced u re  was> th e  same f o r  th e  two te m p e ra tu re s .
A- L o c a tio n  o f  th e  S p e c t r a l  Axes
The u s u a l  p ro ced u re  f o r  s p e c tro m e te r  a d ju s tm e n t was 
c a r r i e d  ou t..
The lo c a t io n  o f  th e  s p e c t r a l  a x e s  h a s  in  p r in c i p l e  been  
o u t l in e d  by M anoogian e t  a l  (1 9 5 5 ) ,  The above im p lie s  t h a t  one 
w ould ex p ec t,, f o r  th e  ty p e  o f  spectrum  u n d er c o n s id e r a t io n ,  th e
reso n an ces , to  be m ost w id e ly  s e p a ra te d  a lo n g  th e  z - a x is »  Once t h i s
ax is , has b een  fo u n d , th e  x  - a x i s  i s  chosen  a s  t h a t  a lo n g  w hich th e  
re so n a n c e s  a re  l e a s t  s e p a ra te d »
T h e  g e n e r a l  o u t l i n e  i n  l o c a t i o n  o f  t h e  a x e s  I s  a s  f o l l o w s :  
By r o t a t i n g  th e  c ry s ta .l  and th e  m agnet, a f a i r l y  s tro n g  l i n e  i s  
s e le c te d  f o r  o b s e rv a t io n  on th e  o s c i l lo s c o p e .  The movement o f  th e
27
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P ig .7 (a) C allibration of Wullf net with angles 6 and 0, Z-axis and
ay-plane are shown, (b) The three spectreil axes and :^ - ,y z - ,z x -  planes 
are shown.
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l i n e  w ith  th e  a l t e r n a t e  r o t a t i o n  o f  th e  c r y s t a l  and m agnet, w i l l  show 
t h a t  i t  moves e i t h e r  to  th e  d i r e c t i o n  o f  th e  h ig h  f i e l d  o r  to  th e  
d i r e c t i o n  o f  low  f i e l d .  The d u a l r o t a t i o n  i s  chosen so t h a t  th e  
movement i s  tow ards th e  h ig h  f i e l d  f o r  l i n e s  on th e  h ig h  f i e l d  s id e ,  
and tow ards low  f i e l d  f o r  l i n e s  on th e  low  s id e .  The o th e r  l i n e s  on 
b o th  s id e s  o f  th e  DPPH m arker a re  s im i la r ly  fo llo w e d . The m agnet and 
c r y s t a l  a n g le s  a t  w hich th e  above c o n d i t io n  o b ta in e d  a re  ta k e n  as. 
th e  c o o rd in a te  o f  th e  z - a x i s .
The o th e r  two ax es  were lo c a te d  u s in g  th e  V /ulff n e t .  A 
ty p i c a l  c a l i b r a t i o n  o f  th e  n e t  i s  shown i n  F ig u re  7 , We used  
n e g a tiv e  and p o s i t i v e  a n g le s  to  c o in c id e  w ith  th e  g ra d u a t io n  on th e  
m agnet. Here 0 i s  th e  an g le  i n  th e  h o r iz o n ta l  p la n e  betw een th e  
m agnetic  f i e l d  d i r e c t i o n  and th e  c r y s t a l  r o t a t i o n  a x i s .  I t  i s  o b ta in e d  
from  th e  magnet. s c a le .  0 r e a d  from  th e  c r y s t a l  r o t a t i o n  s c a le  i s  
th e  an g le  betw een  th e  v e r t i c a l  ( th e  a x is  o f  th e  m agnet r o t a t i o n )  
and c r y s t a l  ed ge .
The u se  o f  W ulff n e t  i s  as fo l lo w s :  A t r a n s p a r e n t  s h e e t
i s  p la c e d  o v er th e  W ulff n e t  and th e  z  - a x i s  i s  m arked. The t r a c in g  
p a p e r  i s  r o t a t e d  to  b r in g  th e  z - a x is  on th e  0 -  180° lin e^  and 
c o u n tin g  o u t  90°from  t h i s  a x i s , a  cu rve r e p r e s e n t in g  th e  xy -p la n e  
i s  drawn a lo n g  a g r e a t  c i r c l e .  The t r a c in g  p a p e r i s  th e n  b ro u g h t 
b ack  to  i t s  o r i g i n a l  p o s i t i o n .  We now know t h a t  th e  o th e r  two axes 
w i l l  l i e  on th e  xy - p la n e .  We now know th e  p a i r s  o f  c o o rd in a te s  
( 0, 0 ) w hich we can i n v e s t i g a t e .  The spectrum  i s  exam ined
o r IBiCSOE. liB R ffll
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a t  p o in ts , a lo n g  t h i s  p la n e  and th e  x  - a x i s  i s  chosen a s  th e  p o in t  
f o r  which th e  sp re a d  o f  th e  spectrum  i s  a  minimum.The lo c a t io n  o f  
th e  X - a x i s ,  l e a d s ,  w ith  th e  lo c a te d  z - a x i s  and th e  f a c t  t h a t  th e  
y  - a x is  m ust be 90° away from  x  - a x i s ,  to  lo c a t io n  o f  y .  The lo c a te d  
X - a x i s  and z  - a x i s  a re  b ro u g h t to  th e  same g r e a t  c i r c l e  and th e  
xy -p la n e  drawn. The z - a x i s  i s  p la c e d  on th e  0 -  180° and from  
X - a x i s  a  p o in t  i s  marked a lo n g  th e  xy -p la n e  90° away. T h is  p o in t  
i s  th e  y  - a x i s .
I t  i s  d i f f i c u l t  to  fo llo w  l i n e  movements a lo n g  th e  zy -p la n e  
s in c e  a c c o rd in g  to  Manoogian e t  a l  (l955)>  n e a r  th e  y  - a x i s  th e  l i n e s  
e x h ib i t  i n f l e c t i o n  -  maximum sp re a d  i n  zy - p la n e  and minimum sp re a d  
in  xy - p la n e .
The f i n a l  p o s i t i o n  o f  th e  x -  and y -  axes a re  checked  by 
ta k in g  re c o rd in g s  ab o u t th e  axes so found  and com paring th e  sp read  
o f  th e  sp ec tru m .
I f  a f t e r  lo c a t in g  th e  z - a x i s  and th e  x  - a x i s  i t  was 
fo u n d  t h a t  th e  y  - a x i s  i s  lo c a te d  a t  l a r g e  m agnet a n g le s  where th e  
i n t e n s i t y  i s  v e ry  low , th e  c r y s t a l  was. rem ounted  making ju d ic io u s  
u se  o f  th e  axes so f a r  fo u n d . S e v e ra l rem oun ts were made b e fo re  
i t  was p o s s ib le  to  lo c a te  th e  axes a lo n g  r e l a t i v e l y  sm all magnet 
a n g l e s  w h e r e  t h e  l i n e  i n t e n s i t i e s  w o r e  r e l a t i v e l y  h i g h .
R eco rd in g s o f  th e  spectrum  were made a lo n g  each  a x i s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
31
B» The M easurement o f  R eso n an t F ie ld s
The re s o n a n t f r e q u e n c ie s  were m easured by superim p o sin g  
an MH s ig n a l  on th e  ESR s ig n a l  on th e  o s c i l lo s c o p e .  The f re q u e n ­
c i e s  were c o n v e r te d  in to  f i e l d s  by u s in g  th e  r e l a t i o n  t h a t  a  p ro to n  
f re q u e n c y  o f  4 .2 5 7 5 9  MHz co rre sp o n d s  to  1 k ilo g a u s s  f i e l d ,
G, Low T em perature  Work
A g la s s  Dewar was u s e d . The c a v i ty  was purged  w ith  n i t r o g e n .  
The system, w as ev ac u a ted  f o r  a  s h o r t  tim e b e fo re  l i q u i d  n i t r o g e n  
w as in t ro d u c e d .  S ince  th e  system  w as n o t vacuum t i g h t ,  pumping 
was; c o n tin u o u s .
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ANALYSIS OP EXPERIMENTAL RESULTS
The s p e c t r a  when th e  m agnetic  f i e l d  was: p a r a l l e l  to  th e  
X, y ,  and z ax es  r e s p e c t iv e l y  were i n t e r p r e t e d  in  te rm s o f  th e  
fo llo w in g  fo rm u lae  d e r iv a b le  from  e ig e n v a lu e s  o f  th e  H am ilto n ian  
o f  e q u a tio n  14 (V inokurov I 9 6 4 ) ,
H (t 5/2 , ± 3/2, m) = E^ ï  4  a° T 4 a? + m P + (20#%)/%^
-  C a2 )2 / (20 H^) - ( a ^
H ( t  5 /2 ,  1/ 2 , m) = H  ^ f  2 a°  ± 5 a° -  m P + QRm/il^
-  5(a^^2/9H^^ -  9 ( a ^ ) 2 /  80H^ -  ( a ^ ) 2 /  20H^
-  ( 4
-  ( Q^+ R ^ ) [ l ( l  + 1 ) -  m^)] A'&q
H (  +  l / 2 r  l / 2 ,  m) =  -  m P -  SCagï^/^H^ -  Zag af/H ^
-  ( R ^ ') [ l ( l  + 1 ) ~ m^)J /4H^ ( 1 7 )
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T A B L E  I I
RESONANT FIELDS FOR T = 300°K . VALUES IN KILOGAUSS.
TRANSITIONS
5 5  5 5  1 1  1 1 5 5 5 52^  JJQ —- —^  — —* — — — . — —- — M,
2 2  2 2 2 2  2 2 2 2 2 2
1 .4277  1 .5087  1 .5 9 8 7  1 .6 8 5 0  1 .7 6 7 2  I .8 6 6 7
2 2
Hu 2.6764 2.7688 2.8522 2.9418
2 .6 4 7 5  2 .7 5 8 7  2.8251  2 .9 1 1 2
2.2629 2.5512 2.4591 2.5276 2.6115 2.6955
2*'2
5.0116 5.0962 5.1854  5.2764 5.5689 5.4646
5.0275 5.1070 5.2020  5.2895 5.5876 5.4895
5.1282 5.2161 5.5054 5.5990 5.4880 5.5844
2 2
3 . 4252* 5 . 5140* 5 . 5917* 5 . 6767* 5 . 7660* 5 . 8652* 
5.5798* 5.6647 5.7462 5.8535 5.9299*
5.9940 4.0795 4 .1698 4 .2597 4.5549  4.4551
2 2
H||z 4.7865 4.8789  4.9787  5.0749 5.1768 5.2704
* Not used in numerical analysis
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T A B L E  I I I
RESONANT FIELDS FOR T = 7 7 °K . VALUE IN KILOGAUSS.
TRANSITIONS
/™  2 ^  2 2  2 2  2 2 2 2 2 2
1 . 1
2 2
2 ,6122  2.7031 2 .7970 2 .8966
H,. 2.5760  2 .6683  2,7672  2 ,6827
BL 2.2142  2.2979  2 .3894  2.4680  2.5628  2.6468II z
h '2
H ||^ 2.9778  3 .0627  3.1453  3.2393  3 .3379  3 .4375
2.9915  3.0707  3.1619  3.2506  3.3453  3.4456
3.0991 3.1880 3.2789 3.3674 3.4600 3.5504
- 1 ^ 1
2 2
3.5889  3 .6784  3.7614  3.8642
H„ 3.5560  3 .6386  3 .7794  3 .8915  3 .9142
H||g 3.9941 4 .0 7 8 2  4.1641 4 .2 5 3 7  4 .3 5 1 5  4 .4489
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where th e  p a ra m e te rs  ,  Q, R , and P a re  g iv e n  in  T ab le  I .  The 
m easured r e s o n a n t  f i e l d s  w ith  th e  m agnetic- f i e l d  a lo n g  th e  th r e e  
s p e c t r a l  axes a re  shown i n  T a b le s  I I  and I I I ,  The t r a c e s  o f  th e  s p e c t r a  
a t  th e  X -b an d  a re  shown i n  F ig u re s  9 and 1,0. Figui-’e 9 was o b ta in e d  a t  
room te m p e ra tu re  w h ile  F ig u re  10 was o b ta in e d  a t  l i q u i d  n it ro g e n  
te m p e ra tu re .
A. P re l im in a ry  E s tim a tio n  o f  P a ram e te rs
From th e  m easurem ent a lo n g  th e  z - a x i s  i t  was p o s s ib le  
to  e s t im a te  th e  v a lu e s  o f  b °  and b ° .  The f u l l  t h i r t y  l i n e s  a re  
v i s i b l e  a lo n g  th e  z  - a x i s  a t  room te m p e ra tu re .  C on sid er such s e t  o f  
l i n e s ;
Group 1 2  3 4  5
H i i a  I I " ' I  I I ' I I :  i l l " !
On n e g le c t in g  th e  second  o rd e r  te rm  BCm/H. , v/e can  d e r iv e  th e  
fo llo w in g  e q u a t io n s  from  th e  re s o n a n t  f i e l d s .
^5 f - % 1 f
= 8a% 4- 8a, = 4 d
V - % 2 f =  4 a° — 10a° = 4 d'
^5a -  %1a
= 8sg 4- 8a? =4 d"
- % a =: 4 a ° -  10a? =4
d"'
Hence 8a° 4- 8a.° — (d  + d^ )4
4 a°  -  10a° = -g- ( d + d'*)
C18)
a t  a re  g iv e n  i n  T able I .  b °  and b °  w ere o b ta in e d  from  th e  spectrum  0 2 A
alo n g  th e  z - a x i s .  From th e  in c o m p le te  r e s u l t s  a long  th e  o th e r  two
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2 2
axes th e  q u a n t i t i e s  -i-(5 /8)b^ was c a l c u la t e d ,  and an e s t im a te  o f  
b!*' was made. The l a t t e r  i s  r a t h e r  u n c e r ta in  s in c e  th e  p re v io u s ly
4"
o b ta in e d  v a lu e s  o f  b^  and b° had to  b e  u se d . In d ep en d en t e v a lu a tio n  
2 2o f  bg and b ^  i s  o n ly  p o s s ib le  i f  second o rd e r  te rm s a re  ta k e n  in to  
a c c o u n t.
The s ig n  o f  A was d e te rm in e d  by ex am in a tio n  o f  th e  s e p a ra t io n  
o f  th e  h y p e r f in e  l i n e s  a lo n g  th e  z - a x i s .  An in c re a s e  i n  th e  
s e p a ra t io n  w ith in  th e  h y p e r f in e  g roups i n  th e  d i r e c t i o n  o f  in c r e a s ­
in g  m agnetic  f i e l d  i n d i c a te s  t h a t  th e  s ig n  o f  A i s  n e g a t iv e .  T h is 
i s  e v id e n t from  th e  e q u a t io n s  f o r  th e  r e s o n a n t  f i e l d s .  The 
h y p e rf in e  c o n s ta n ts  B and C have th e  same s ig n  as A.
B, D e ta i le d  C a lc u la t io n  by Com puter,
The b a s ic  co m p u ta tio n  p ro ced u re  i s  as fo l lo w s :  The 
m easured re s o n a n t  f i e l d s  o r  c e n t r e s  o f  g ra ,v ity  a re  compared w ith  
th o se  c a lc u la te d  from  th e  i n i t i a l  p a ra m e te r s .  The d i f f e r e n c e s  a re  
th e n  u sed  to  c a l c u la te  c o r r e c t io n s  to  th e s e  p a ra m e te rs . T h is  p ro c e s s  
i s  r e p e a te d  u n t i l  no f u r t h e r  s i g n i f i c a n t  change in  th e  p a ra m e te rs  
o c c u r s .
I t  i s  n o t p r a c t i c a l  to  use  a l l  th e  in d iv id u a l  r e s o n a n t  
f i e l d s  i n  such  a p ro c e s s ,  s in c e  th e  com puter tim e in v o lv e d  in
s o lv in g  up to  90 e q u a tio n s  i n  11 unknowns i s  p r o h ib i t i v e .  
F u rth e rm o re , w ith  so many e q u a t io n s ,  th e  v a l i d i t y  o f  th e  p ro c e d u re  
i s  q u e s t io n a b le ,  and prob lem s m ight a r i s e  w ith  a cc u m u la tio n  o f
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e r r o r s .
An a tte m p t was made to. f i t  th e  spectrum  f o r  each  a x is  
s e p a r a te ly ,  w ith  th e  i n t e n t i o n  o f  com bining th e  r e s u l t s  f o r  each .
No m ean ing fu l r e s u l t s ,  w ere , how ever, o b ta in e d .
I t  was d ec id ed  to  u se  th e  c e n t r e s  o f  g r a v i ty  i n  th e  
d e t a i l e d  co m p u ta tio n . The c a l c u la te d  c e n t r e s  o f  g r a v i ty  (CGC) a re  
o b ta in e d  from  V inokurov ’ s e q u a tio n s  u s in g  th e  p re l im in a ry  
e s t im a te s  o f  th e  p a ra m e te rs  ( The e x p e rim e n ta l c e n t r e s  o f
g r a v i ty  (CGX) a re  re g a rd e d  as  f u n c t io n s  o f  th e  y e t  unknown " t r u e ” 
param eters , w hich a re  assumed to  be  r e l a t e d  to  p^^^ by
P tru e  "  P e s t  (1 9 )
The CGX can  th e n  be e x p re s se d  in  th e  form
CG% =  CGC +-:2 (2 0 )
so t h a t  th e  d i f f e r e n c e  i s
¥  C «  -  OGC = s | § £ A i  (2 , )
T h is  can be e x p re s se d  in  th e  abreviated form
W =. D 2% (2 2 )
I f  th e re  a re  NC m easured c e n t r e s  o f  g r a v i ty  and 8 p a ra m e te rs ,
W i s  a  v e c to r  o f  NC com ponents, D i s  a  NC x  8 m a tr ix  and A i s  a 
v e c to r  o f  8 com ponents. T h is  system  o f  e q u a tio n s  i s  now red u ce d  
by m u lt ip ly in g  b o th  s id e s  o f  e q u a tio n  (2 2  ) by  th e  t ra n s p o s e  o f  D ,
Then
W =  D A  (2 3 )
w hich g iv e s  8 e q u a tio n s  i n  8 unknowns ,  T h is  r e d u c t io n  en su re s  t h a t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41
TABLE IV
EXPRESSIONS FOR h AND H FOR INCOMPLETE D . 'sn  • 1
M issing  E x p re s s io n  f o r  h E x p re ss io n  f o r
(^2 -  D ^)/2 (1.7D2 -  1 3 D j)/2
^2 (Dl -  D ^)/6 ( W , -  3D g)/l 2
^3 -  ^2^^^ (131),, -  5 \ ) / e
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th e  s o lu t io n  v e c to r  i s  such th a t  th e  c o r re c te d  p a ra m e te rs  g ive
a  l e a s t  sq u are , f i t  to  th e  o r i g i n a l  YL T h is  p ro ced u re  can he re p e a te d  
as  o f te n  as  re q u ire d »
In  th e  com p u ta tio n  sk e tc h e d  i n  F ig u re  10 th e  p a ra m e te rs  h t  and 
g^ w ere c a l c u la te d .  The h y p e r f in e  c o n s ta n ts , were o b ta in e d  d i r e c t l y  
from  th e  r e s o n a n t  f i e l d s .  The com pu ta tio n  was c a r r i e d  o u t  u s in g  th e  
IBM 1620  m achine.
As a  f u r t h e r  check  th e  c e n tre s  o f  g r a v i ty  were t r e a t e d  aa  
l i n e s  i n  th e  sp ec trum  o f  th e  i s o e l e c t r i c t r i v a l e n t  i r o n  io n .  They 
were th e n  u se d  i n  a s im i la r  c a l c u la t io n  u s in g  a  programme developed  
hy J .  R. T hyer. I n  o rd e r  to  o b ta in  m ean in g fu l r e s u l t s  i t  was 
n e c e s s a ry  to  make a  c o r r e c t io n  f o r  th e  second  o rd e r  term  in  th e  
m anganese c e n t r e s  o f  g r a v i ty .  The r e s u l t s  o b ta in e d  from  t h i s  were 
f o r  check ing  p u rp o ses  o n ly , s in c e  th e re  i s  a  la r g e  u n c e r t a in ty  in  
th e  second o rd e r  c o r r e c t io n .
The c o r r e c t io n s  w ere made as  fo l lo w s :
The av e rag e  o f  th e  p a i r  o f  l i n e s  i n  a h y p e r f in e  group can  be  r e p r e ­
s e n te d  by + H g), + H ^), th a re  th e  re s o n a n t
f i e l d s .  I f  ( i  = 1 , 2 ,  3 ) be th e  d i f f e r e n c e  betw een th e  c e n t r e s  o f
g r a v i ty  i n  th e  ab sen ce  o f  h y p e r f in e  c o n t r ib u t io n  (H^) and th e
h y p e r f in e  te rm  h  — (B + C )/4H ^, th e n  we have;
+ H,) = H -  (5 /2)h  = D
( 2 4 )
+ H )^ = -  ( l3 /2 )h  = Dg
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TABLE V
PARAMETERS CALCULATED WITH THE CORRECTED CENTRE OF GRAVITY 
APPLIED TO THE IRON PROGRAMME
P aram eters. ’ 300°K 77°K
421 .1 4 3 9 .6
4 4 2 .6 1 .4
—4* 8 - 2 .8
2.1 1 7 .9
- 2 8 .8 2 4 .0
& 1 .8 1 9 8 2 .0 0 3 7
1 .9 9 7 0 1 .9951
t .9 9 6 2 1 .9971
The h j a re  i n  u n its ;  o f  g au ss .
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Hence h =
IfH^ + H^  ^ = H* -  ( l7 /2 )h  = Dj
5D-I -  D2 -  4 D3
( 25 )
H„ = " ° 1  ^  h  -  W  ;
8
The e x p re s s io n s  f o r  h and H^ when a l l  th e  D ^ 's  a re  n o t 
m easurab le  a re  g iv e n  in  T ab le  XV. The r e s u l t  o f  th e  p a ra m e te rs  from  
th e  i r o n  programme a re  shown i n  T ab le  V.
C. E r r o r s .
The g r e a t e s t  so u rce  o f  e r r o r  was due to  th e  l i n e  w id th  
w hich i s  o f  th e  o rd e r  o f  h y p e r f in e  s e p a r a t io n .  The l i n e  w id th  was 
u n a f fe c te d  by te m p e ra tu re .  T h is  r e s u l t e d  i n  r e l a t i v e l y  l a r g e  u n c e r ta in ­
t i e s  in  th e  m easurem ent o f  th e  l i n e s  e s p e c i a l l y  in  th e  weak o u te r  g ro u p s. 
U n c e r ta in ty  i n  each  m easurem ent was ta k e n  to  be 3 g au ss  and on t h i s  
b a s i s  we e s t im a te d  th e  e x p e r im e n ta l e r r o r s  e n te re d  in  T ab le  V I. In  
a d d i t io n  a l l  th e  p a ra m e te rs  w ere u sed  a s  c a lc u la te d  to  d e te rm in e  
th e  e f f e c t  th e y  have in d iv id u a l ly  on th e  rras and maximum e r r o r  when 
v a r ie d  o v e r  and above a  p r e s e t  v a lu e .  The r e s u l t s ,  a ls o  ta b u la te d  in  
T ab le  VI in d i c a te  th e  ran g e  o f  p a ra m e te r  v a lu e s  f o r  w hich no s i g n i f i c a n t  
change i n  th e  f i t  o c c u re d .
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TABLE VI 
SUMMARY OF THE RESULTS
300°K 77°E
m e te r s V alue
P i t
( t )
E x p erim en ta l 
e r r o r  ( i ) Value
F i t
( t )
E x p erim en ta l 
e r r o r  (±)
< 422*3 0 .5 2 432 .1 11 2
4 2 6 .5 2 3 1 8 ,4 2' 3
4 - 4 .3 0 .3 1 —4 .8 0 .4 11
4 -1 2 .9 3 9
3 .2 3; 9
4 -2 3 .3 0 .3
12 -14*5 3 12
1 .9 9 6 9 0 .0 0 0 6 0 .0 0 3 2 .0 0 t9 0 .0 0 0 3 0 .0 0 3
h 1.9971
0 .0 0 0 5 0 .0 0 3 1 .9 9 7 7 0.0001, 0 .0 0 3
1 .9 9 6 9 0.001 0 .003 1 .9 9 6 2 0,0011 0 ,0 0 3
A *- 8 9 .9 5 5
*- 8 9 .2 5 5
B
*
- 8 8 .6 5> 5
*
-9 3 .5 5 5
0
*
—8 9 .4 5' 5
*
- 9 2 .0 5 5
* Those v ro ro  not coijiputod "but calcu lated  d ire c tly
from  th e  re s o n a n t  f i e l d s .  The and th e  h y p e r f in e  c o n s ta n ts  a re  
i n  g au ss ,
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CHAPTER V II 
CONCLUSION
In  t h i s  s tu d y  i t  was p o s s ib le  to  o b ta in  and i n t e r p r e t  th e  
ESR spectrum  o f  Ivîn^  ^ i n  c o r d i e r i t o .  The sp ec trum  c o n s is te d  o f  th e  
u su a l f i v e  g ro u p s o f  s ix  l i n e s  w hich w ere o n ly  co m p le te ly  re s o lv e d  
f o r  th e  m ag n e tic  f i e l d  p a r a l l e l  to  th e  z -a x is  o f th e  sp ec tru m . The 
l i n e s  were v e ry  b ro a d , o f  th e  o rd e r  o f  th e  h y p e rf in e  separation.
The w id th  o f  th e s e  l i n e s  were n o t a f f e c t e d  by te m p e ra tu re . The 
spectrum  was in t e r p r e t e d  as  a r i s i n g  from  manganese atoms lo c a te d  a t  
th e  magnesium s i t e  i n  th e  c r y sta l.
The c o n s ta n ts  o f  th e  s p in  H am ilto n ian  were fo u n d . These 
a re  shown below  i n  gau ss  f o r  th e  b^ and th e  h y p e rf in e  c o n s ta n t s .
The r e s u l t s  o f  l i q u i d  n i t r o g e n  te m p e ra tu re  m easurem ents a re  in
brackets, b° = 422,3 (432. 1) , bg = 2 6 ,5 ( i8 .4 ) , ^2 = ( -4 ,8 ) ,
b f  = -12 .9  (3 .2 ) ,  b^ = -2 3 .3 (-1 4 .5 ) , A = -89*9 (-8 9 .2 ) ,
B = -88.6  ( -9 3 .5 )  C = -8 9 .4  ( - 92. 0 ) ,  g^ . = 1.998t (2 .0019), 
g_ = 1.9971 (1 .9977), = 1.9969 (1.9962)
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